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Quantifying the stress fields due to a §-hydride precipitate in a-Zr matrix

Hareesh Tummala, Laurent Capolungo, Carlos N. Tomé
MST Division, Los Alamos National Laboratory Los Alamos, NM 87545

This Report addresses the Milestone M2MS-17LA0201031: “Issue Summary Report on
Hydride Effects during Storage of UO2 Fuel”

Abstract

This report is a preliminary study on §-hydride precipitate in zirconium alloy performed using
3D discrete dislocation dynamics simulations. The ability of dislocations in modifying the
largely anisotropic stress fields developed by the hydride particle in a matrix phase is addressed
for a specific dimension of the hydride. The influential role of probable dislocation nucleation
at the hydride-matrix interface is reported. Dislocation nucleation around a hydride was found
to decrease the shear stress (S,;) and also increase the normal stresses inside the hydride. We
derive conclusions on the formation of stacks of hydrides in zirconium alloys. The contribution
of mechanical fields due to dislocations was found to have a non-negligible effect on such
process.

1. Introduction

Zirconium (Zr) alloys have been extensively used in the nuclear industry as clad for nuclear
fuel in Light Water Reactors (LWR) and as pressure tubes in Heavy Water Reactors (HWR)
[23]. A good compromise of mechanical (e.g. high strength, ductility), chemical (e.g. excellent
corrosion resistance) and nuclear (low absorption cross-section of thermal neutrons) properties
made use of these alloys possible for the most challenging applications in nuclear reactors.

However, Zr alloys show a significant affinity for absorbing hydrogen during
manufacturing and operation. Due to the lower hydrogen solubility level at elevated
temperatures, the absorbed hydrogen in the alloy precipitates to form zirconium hydrides [14].
These hydride precipitates have been identified as the cause for the degradation of mechanical
properties (e.g. ductility, fracture toughness) of Zr alloy. Hydrides are thought to precipitate at
defects and grain boundaries due to the tendency of hydrogen to diffuse down the thermal and
concentration gradients, and up the hydrostatic stress gradients [3]. In fact, formation and
growth of these brittle hydrides at regions of high stress concentration (e.g. crack tips) in Zr
alloys leads to a time-dependent failure mechanism, known as Delayed Hydride Cracking
(DHC) [23]. Hydride precipitates are preferentially aligned along the circumferential direction
of the clad tube as a combined consequence of texture, the internal stress applied by swelling
fuel, and the coolant pressure. During their transfer to dry storage, due to the thermal
fluctuations, hydrides re-dissolve into the Zr alloy clad and re-precipitate along the radial
direction. The radial alignment of the hydrides is due to the changes in stress state of the clad
caused by the absence of the coolant. This stress-induced re-orientation is undesirable as the



radially oriented precipitates act as stress concentrators and may lead to fracture of the clad
during long-term storage [20]. It is still unclear how these complex stress interactions among
hydrides influence their arrangement and in-turn, the overall mechanical performance of the
Zr alloy clad. In this report, we aim at throwing some light on this question.

This study aims at quantifying the contribution of mechanical stress fields and their
evolution on the self-organization of hydrides (stacking). Further, it aims at quantifying the
stress state near and within the hydride. This report is organized as follows. Section 2 provides
an overview of experimental results on the morphology and orientation of the hydrides in Zr
alloys. Details of the simulation setup and material constants used in the current study are
presented in Section 3. Simulation results on a hydride in Zr matrix with and without
dislocations in the simulation volume are presented in Section 4, where results indicate that
there is no plastic relaxation around a hydride. However, the nucleating dislocations at the
interface were observed to alter the mechanical fields in and around the hydride. Final
conclusions are presented as the effective shielding distance, defined as the minimum distance
below which the probability of nucleating another hydride close-by is zero, around the hydride
of specific dimension.

2. Experimental evidence of hydride stacks in zirconium

In one of the earliest reviews published on hydride precipitates in Zr alloys, the dependence
of embrittlement on morphology and the orientation of the hydride relative to the matrix was
highlighted [17]. Single hydrides take the shape of either needles or platelets depending on
cooling rate and availability of hydrogen [17]. The strain energy density was observed to be
lowest for disc/platelet morphologies [16]. Except in special cases, hydrides in Zr alloys were
always observed to arrange in stacks. These stacks of hydrides, which are generally referred to
as 'macroscopic hydrides', have no reason to show similarities in morphology and orientation
with that of single hydride platelets or 'microscopic hydrides'. The macroscopic morphology
and orientation would in-fact depend on the local arrangement and stress fields of these
microscopic hydrides. The scanning electron microscopy (SEM) observations of a stress-
relieved annealed (SRA) zircaloy showed two morphologies of microscopic hydrides: one
close to 'equiaxed' (short and thick hydrides) and another 'elongated'.

Long and fine Long and fine hydrides I

hydride |

Fig. 1. (a) SEM image and (b) Schematic of the “Long and fine hydrides I’ [2]



Concerning the arrangement of these microscopic hydrides, three different macroscopic
hydride configurations were reported [2]. The first configuration, referred by the author as
"long and fine hydride I", had the elongated microscopic and the macroscopic hydrides in the
same orientation. The elongated microscopic hydrides were arranged in parallel as shown in
Fig. 1. This configuration was the most frequently found in SRA Zircaloy used by the author.

Long and fine f;
hydride 11 Long and fine hydrides I

Fig. 2. (a) SEM image and (b) Schematic of the “Long and fine hydrides II” [2]

The second macroscopic hydride configuration, referred to as "long and fine hydride 11",
had a more complex structure with elongated microscopic hydrides and the macroscopic
hydride in different orientations. The arrangement had few elongated hydride platelets of same
orientations stacked together which were separated at a distance from the other local stacks as
shown in Fig. 2.

Finally, the third configuration, referred to as "Long and fine hydride III", had few equiaxed
microscopic hydrides stacked together and had different orientation than the macroscopic
hydride. The microscopic hydrides were spaced as shown in Fig 3.
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Long an& fine hydrides 111

Fig. 3. (a) SEM image and (b) Schematic of the “Long and fine hydrides III” [2]

Even if this is not the complete catalog of the different configurations of macroscopic
hydrides, these SEM observations give us an idea about the different configurations into which
these complex hydrides can segregate. A different study by Singh et al. also reported a two-



level organization of hydrides in Zr alloy [24] highlighting the importance of understanding
the organization in macroscopic hydride stacks and their relationship to hydride embrittlement.

An aspect which may influence the hydride orientation in Zr alloy is the plastic
deformation around it. Extreme brittleness of the hydride phase could be the result of the
influence of the hydrogen lattice on the movement of glide dislocations in the Zr matrix [5].
The high strain field induced by hydride formation is expected to cause plastic relaxation and
high dislocation density around the hydride. Sometimes, a large strain field associated with the
small hydrides makes it difficult to reveal the dislocations generated closest to the hydride’s
interface [23]. Dislocations formed around a hydride only partially relieves the dilatational
misfit strain of the hydride in Zr matrix [10]. Dislocations generated around the hydride
precipitates were in the form of loops attached to the ends of the needles with <11-20> Burgers
vector lying on or near the basal plane (see Fig. 4). It is still unclear on whether these
dislocation loops observed around hydride precipitates were due to plastic relaxation of the
dislocations around the hydride or due to dislocation nucleation near the matrix-hydride
interface. In any case, the dislocations generated at the interface will change the strain field
around the hydride and may play a role in hydride stack arrangement.

(b)

Fig. 4. (a) Dislocation loops around a microscopic hydride [11]; (b) Dislocation loops around
a macroscopic hydride [11]

3. Simulation procedure

In this work, a Fast Fourier Transform based 3D Discrete Dislocation Dynamics (DDD-
FFT) simulation technique [7] is used to solve the complex mechanical fields generated by a
second phase material (§-hydride in Zr matrix) in the presence of dislocations in the simulation
volume.

The influence of a §-hydride in a-Zr is studied for three different cases. In the first
(elastic) case, the mechanical fields due to a §-hydride in the absence of dislocations in the o-
Zr matrix is analyzed. This is followed by a ‘relaxation’ case, where the &-hydride
transformation takes place in the presence of dislocations in the a-Zr matrix. Finally, in the
third (‘nucleation’) case, the influence on the mechanical fields due to dislocation nucleation
close to a §-hydride are discussed in the presence of dislocation in the a-Zr matrix. In every



case, relaxation simulations were performed considering only the eigenstrain corresponding to
the hydride (no external applied load).

The simulations setup used and material parameters considered in the current study are
presented in this section. Simulations were carried out in a periodic volume with cube side of
2um. An ellipsoid-shaped §-hydride of dimensions 100nm x 300nm x 30nm was placed at the

center of the cubic a-Zr single crystal, see Fig. 5. The dimension of the §-hydride is within the
range of the hydride dimensions found in experiments [13].

S

Fig. 5. A §-hydride centered in a-Zr matrix

3.1. Orientation of the hydride in Zr matrix

The hydride was placed on the basal plane of the a-Zr matrix, and such that the [11-
20] direction aligns with the long axis of the §-hydride. Fig. 6 shows the directions of the
oriented matrix and the alignment of the hydride in the simulation volume. It should be noted
that the 6-hydride itself was considered elastic (no plastic deformation inside the hydride).
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Fig. 6. Schematic of a §-hydride with its long axis oriented along [11-20] direction of a-Zr
matrix




3.2. Material parameters of Zr and §-hydride

The lattice constants (in A) and anisotropic elastic constants (in MPa) of a Zr single
crystal exhibit a significant dependence on temperature [19]. Considering that a nuclear reactor
operates at about 573K, material constants of a-Zr were considered at 573K (see Table 1). But,
due to the lack of experimental data on anisotropic elastic constants of §-hydride at 573K,

elastic constants (in MPa) of the §-hydride at OK (see Table 1) were used here from the results
of DFT simulations [22].

Material a-Zr 6-hydride
parameters (HCP) (FCO)
a 323 4.78
C 5.147 -
C, 155400 63000
Cy;; 172500 65000
Cu 36300 93000
C 36300 101000
C, 67200 28000
Cs 64600 44000

Table 1. Material parameters of a-Zr at 573K and §-hydride at OK

In Zr, prismatic slip is found to be the easiest slip, much more than basal and pyramidal
slip [8]. This is due to the huge differences in friction stresses associated with basal, prism and
pyramidal systems. The friction stresses (in MPa) [1] chosen for different systems in the
present simulation are presented in Table 2.

Slip modes Lattice friction
in a-Zr (in MPa)
Basal 179.41
Prismatic 6.67
Pyramidal < a > 76.0
Pyramidal < c +a > 76.0

Table 2. Lattice friction stresses for Zr at 573K

3.3. Stress-free transformation strain of §-hydride

Eigen strains are known to govern the strain energy associated with the accommodation
of hydrides in a Zr matrix [23]. Linear and volumetric misfit strains associated with the
formation of zirconium hydrides valid over a temperature and composition range were recently
reported [24]. Temperature dependence of atomic radii and volume valid over a temperature
and composition range changes the misfit strain computed using the atomic radii data. The
variation with temperature of misfit strains for zirconium hydrides is given by:

€1, =0.03888 + 2.315 x 10T
€5, = 0.06646 + 1.9348 x 10T



The Eigen strain tensor €9¢™ calculated at 573K is

‘ 0.0521 00 0.0
€9en = | 00  0.0521 0.0

0.0 0.0 0.0722

where 5.21% is the misfit strain normal to hydride platelet (short and intermediate axis
represented in Fig. 4); 7.22% is the misfit strain along the hydride platelet (long axis).

34. Initial dislocation network

In order to start with a more realistic dislocation microstructure, a relaxation test was
performed with randomly distributed dislocation loops on different slip systems in the
simulation volume. In the first step, a dislocation configuration with loops randomly distributed
is loaded with a randomly chosen initial stress tensor and at a randomly chosen increment rate
for 1000 simulation steps. The time step was chosen such that it still allows interaction among
dislocations. After the loading stage, the relaxation stage is initiated by abruptly removing the
externally applied load on the simulation volume and allowing the dislocations to glide under
their own stress field. The relaxation stage is stopped when the dislocation density does not
evolve for more than 100 consecutive steps (i.e., no considerable plastic strain is accumulated
by dislocations under their own stress field) and the dislocation microstructure is extracted.
Such a relaxed dislocation configuration is chosen as the initial dislocation microstructure
during the simulations. In the present study, four different initial distribution of dislocation
loops were considered to generate relaxed microstructure with different final dislocation
density. Different relaxed dislocation microstructures are hereby referred as MIC_BI,
MIC_B2, MIC_P1 and MIC_P2. ‘MIC’ is given as an abbreviation to the dislocation
microstructure, B and P referring to the highest density on the Basal and Prismatic systems,
respectively.

Fig. 7.a and 7.b show the initial dislocation configuration of total density p¢peqi=1.1
10”m™ with dislocation loops distributed on different slip systems and the final relaxed
configuration of total density pypq;=1.2 10”m™? with complex dislocation networks.

Fig. 7. (a) Initial dislocation configuration with randomly distributed dislocation loops; (b)
Relaxed dislocation configuration, MIC_B1 with complex dislocation networks
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Fig. 8. Dislocation density evolution during relaxed dislocation microstructure, MIC_B1
generation.

To study the influence of pre-existing Basal or Prismatic dislocations on the stress fields
in and around the hydride, we considered different Basal and Prism densities. In addition to the
variation in the total dislocation density shown in Fig. 8 and Fig. 9, the individual dislocation
densities on the Basal and Prismatic planes are also reported.
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Fig. 9. Dislocation density evolution during relaxed dislocation microstructure generation in
MIC_B2 and MIC_P1 and MIC_P2 respectively



4. Results and discussion
4.1. CASE-I: Elastic stresses due a 6-hydride in a-Zr

A 8-hydride with high eigenstrain, €2/9™ as reported in Section 3.3, is placed in the o-
Zr matrix in the absence of any dislocations. The elastic stress fields generated in the o-Zr
matrix due to the 8-hydride are presented here. The stress fields were computed on a slice
positioned at the center of the simulation volume with the normal parallel to X-axis. Further,
the results are reported in the range of stress -250 MPa to 250 MPa to show uniformity while
comparing results from different simulations.

The S;; components of the stress field shown in Fig. 8 indicates that the a-Zr matrix is
in tension corresponding to the direction in which the hydride has the highest eigenstrain. This

result can be understood as a combined effect: while €;; will induce compression along the Z-

axis, the Poisson effect associated with €, and &,, will induce tension along Z-axis. The normal
stress (S;;) and shear stress (S,;) were observed to be uniform inside the hydride. These results
are in agreement with the famous work of Eshelby [25].
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Fig. 8. S;; and S,; components of the elastic stress field due to the presence of a §-hydride in
a-Zr matrix with no dislocations

4.2. CASE-II: Plastic relaxation around a §-hydride in a-Zr matrix

In order to understand the influential role of dislocations on the mechanical fields due
to a &-hydride in the o-Zr matrix, relaxation simulations were performed with different initial
microstructures (see Section. 3.4).

A 8-hydride is now placed in the presence of different initial dislocation
microstructures in a-Zr matrix. Fig. 9 shows the initial setup with §-hydride and dislocation
microstructures MIC_B2 and MIC_P1 used here. Dislocation density evolution during the
precipitate transformation, shown in Fig.10, does not show any change with respect to the
initial relaxed configuration of Fig 7. This indicates that the stress field of the 6-hydride has no
appreciable impact to drive the surrounding dislocations (i.e., no plastic relaxation around the
hydride was observed). But, an analysis of the S;; component of the stress fields from these
simulations (see Fig. 11), shows that the dislocations tend to change the magnitude of the elastic



stress field created by a 8-hydride in the a-Zr matrix. The change in magnitude is directly
proportional to the total dislocation density and does not depend on the individual Basal or
Prismatic densities.

Fig. 9. Initial setup with §-hydride in a-Zr with dislocation configurations, MIC_B2 and
MIC_P1, respectively
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Fig. 10. Dislocation density evolution during precipitate relaxation in the dislocation
microstructures MIC_B2 and MIC_P1, respectively.
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4.3. CASE-III: Dislocation nucleation from hydride-Zr interface

Dislocation loops were experimentally observed around a hydride in Zr (see Fig. 4).
Since, plastic relaxation was not observed from the results in Section. 4.2, there is a definitive
need for dislocation nucleation to minimize misfit between hydride and matrix. To study the
influence of nucleating dislocations near the interface, a set of dislocation loops were inserted
near the matrix-hydride interface. This method was employed to mimic the dislocation
nucleation process. The main objective in performing such an analysis is to analyze if the
plastic relaxation that was experimentally observed is due to dislocation nucleation around a
hydride [11]. The goal here is also to observe the self-organization of nucleating dislocation
near the matrix-hydride interface.
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Fig. 12. (a) Dislocation density evolution, with red dash line indicating the initial dislocation

density, in the simulation; (b) Snapshot of the final dislocation rearrangement and (c) Top
(zoom) view of nucleated dislocations (pointed with red arrows) in simulation MIC_B1

The initial dislocation density during this simulation was pyyrg;=1.19 10”°m™ and is
marked with a dash red line in Fig. 12.a. The jump in the dislocation density evolution plot in
Fig. 12.a corresponds to dislocation nucleation. Nucleated dislocations were observed to
rearrange themselves around the hydride as shown in Fig. 12.b. In the top view (zoom) red
arrows point to the nucleated dislocations (Fig. 12.c). Dislocation rearrangement around the
hydride in this simulation matches the experimental observation of dislocation around hydrides



in Zr alloys (see Fig. 2.a). Carpenter et al. addressed them as complete dislocation loops around
the hydride. The number of dislocation loops surrounding the hydride in the experiments do
not match the current observations from the simulations. This discrepancy is due to the limited
number of dislocations being used for testing the nucleation process.

4 4. Influence of dislocation nucleation

To quantitatively measure the influence of nucleating dislocations around the hydride,
true stress values measured on a line drawn along the long axis of the precipitate are compared
against the case with no dislocation nucleation. Fig. 13 shows the true stress value drawn on a
line along the long axis of the precipitate in the cases with and without dislocation nucleation,
respectively.
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Fig. 13. (a) True stress on a line parallel to long axis for nucleation case; (b) True stress on a
line parallel to long axis for no nucleation case in the simulation MIC_B1

The magnitude of the shear stress (S,;) decreases by about 500 MPa. Whereas, the
normal stresses inside the hydride increases in the range 100-200 MPa. These results indicate
that the nucleation of dislocations near the hydride-matrix interface will increase the normal
stresses and simultaneously decrease the shear stresses (S,; and S,;) inside the hydride, thereby
influencing the shielding effect of the hydride.

4.5. Effective shielding distance

In this section, the spatial position around a hydride where another hydride has the
highest probability for nucleation in the Zr matrix is estimated. This is done by computing the
eigen

dissipation (E=1/20;€;;” ") that would be associated by the formation of a hydride in the stress
field induced by the central one. In Fig. 14, the dissipation for the elastic case, relaxation and

nucleation cases near the precipitate interface are compared.
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Fig. 14. (a) Dissipation for elastic case; (b) Dissipation for the case with dislocations but no
nucleation; (c) Dissipation for nucleation case in the simulation MIC_B1

In Figs. 14.a, b and c, the regions with dissipation E < 0 indicate that the nucleation of
a new hydride is not favorable as the nucleating hydride should act against the hydride already
present. Whereas, in the regions where E > 0, the hydride tends to grow easily or permit
nucleation of another hydride. The dissipation maps for the cases without and with dislocation
nucleation near the interface show a slight difference. In the dislocation nucleation case, the
favorable hydride nucleating zone is anisotropic. In-fact, the fact that the favorable hydride
nucleation zone is at an angle with respect to the horizontal plane indicates that there might be
a connection to the spacing and orientation observed in the hydride stacks.

The effective shielding distance around a hydride is calculated by plotting dissipation
(E) on a line parallel to the Z-axis as shown in Fig. 15a. The dissipation for the cases of hydride
in Zr matrix without dislocation, with dislocations and with dislocation and nucleation are
presented in Fig. 15b. In the elastic case, without the presence of dislocations in the simulation
volume, the dissipation along the line indicates that there is no shielding distance around the
hydride. The negative value of dissipation emphasizes that no hydride can be nucleated
anywhere close by. This observation contradicts the experimentally observed hydride stacks.
But, the presence of a shielding distance for both relaxation and nucleation (Fig. 15.b) cases,
stresses the importance of mechanical field due to dislocations near the hydride. The effective
shielding distance (dotted lines in Fig. 15.b) for the cases with and without dislocation
nucleation is close to 1000a = 323nm (where a is lattice parameter) indicating the possible
nucleation of another hydride very close by. These observations provide us a better
understanding of hydride stacks and the local arrangement.
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in the simulation MIC_B1

5. Conclusion

In this work, a preliminary study has been performed using DDD-FFT simulations to
quantify the contribution of mechanical fields on self-organization of hydride stacks. Results
show a promising trend in moving ahead for better addressing the formation of hydride stacks
in Zr alloys. The main conclusions drawn from the study are:

1. Plastic relaxation around a hydride was observed to be independent of total dislocation
densities in Zr matrix.

2. Dislocation nucleation around the hydride had a major influence modifying the overall
dissipation energy in the system. Anisotropy of dissipation energy in the case of
nucleation indicates that the hydride favors growing along the direction where E > 0.

3. Effective shielding distance calculated was observed to be linked to the hydride largest
dimension.

These results are promising and show a new perspective in our understanding of stack of
hydrides in Zr. More work needs to be done with different aspect ratios and different
dislocation nucleation conditions to arrive at a final conclusion on hydride stack arrangement
and mechanical fields pertaining to them.
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